I. INTRODUCTION
The discovery of graphene, a one-atom-thick sheet of carbon, has opened new avenues for designing fast tunable electromagnetic devices [1] . Since its surface conductivity can be manipulated by electrically or optically changing the Fermi level of graphene, it has found many applications in transformation optics [2] , photonic integrated systems [3] and optical signal processing [4] . The graphene based metamaterials can provide exotic and tunable values of permittivity and permeability, which are not available with conventional, natural dielectrics [5] . This makes them attractive for ultra-compact devices operating in the THz regime, including applications for super resolution imaging, cloaking, etc. Multilayer graphene-dielectric consists of graphene layers alternating with dielectric slabs. Such configuration allows to control the effective permittivity of the resulting metamaterial by changing the surface conductivity of the graphene layers. And since it is possible to obtain an inhomogeneous medium with arbitrary distribution of the permittivity, numerous applications are available: beam steering, focusing, etc. [6] . One of the most important advantages of the graphene-based beam steerers [7] is a much higher modulation speed as compared to conventional devices, which usually involve mechanical parts, thermo-optic or acousto-optic mechanisms [8] .
In this work, we propose to use multilayer graphene-dielectric metamaterial to build a reconfigurable beam steerer operating at 20 THz. We discuss three different approaches: a graded-index (GRIN) medium block; a phased array of metallic parallel-plate waveguides filled with graphene-dielectric metamaterial; and a combination of the previous designs -an array of planar dielectric waveguides, created in inhomogeneous graphene-dielectric metamaterial. All designs are investigated numerically, demonstrating a good steering capability in a wide range of output angles.
II. DESIGN
In this work, the graphene's conductivity is calculated using the general Kubo formula at ambient temperature T = 300 K and scattering rate of γ = 10 . The graphene layers are embedded vertically (parallel to y-axis) with period d = 100 nm in a host dielectric with permittivity ε m = 3. The local permittivity of such graphene-dielectric metamaterial is tuned by changing the conductivity of each graphene layer. The electric field components parallel to graphene layers see a metamaterial effective permittivity ε eff , whereas the perpendicular component sees the host dielectric permittivity ε m . Thus, the metamaterial permittivity is anisotropic and for the vertically polarized electric field (E y ) the permittivity tensor is diagonal with components: {ε xx = ε m , ε yy = ε eff , ε zz = ε eff }. The relative effective permittivity ε eff is calculated as in [9] .
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The first design is a phase delay line, created in a GRIN medium. The scheme of the proposed design is shown in Fig. 1(a) . The steering control is achieved by manipulating the local refractive index in such medium, which can be done by changing the conductivity of each graphene layer. The second design is based on an array of metallic parallel-plate waveguides of identical height (working at single mode regime), filled with graphenedielectric metamaterial [see Fig. 1(b) ]. The required local phase delay at the output of the beam steerer is obtained by tuning the effective refractive index n eff of each parallel-plate waveguide core, thus, changing the propagation constant β of its TEM mode β = k 0 ×n eff , where k 0 is the wave vector in free space. Unlike the first design, such configuration can provide a wider range of output angles. However, the improved performance comes at the cost of the fabrication complexity. The third design is a combination of the previous designs and consists of a phased array of planar waveguides, created in the graphene-dielectric metamaterial by alternating two regions (waveguide core and cladding) with high contrast of refractive indices (n c >> n cl ). The geometry of the design shown in Fig. 1(c) . Analogously to the second design the required local phase delay at the output of the beam steerer is obtained by tuning the effective refractive index of each planar waveguide from 0.52 to 1.56, which is done by varying the waveguide width h from 3 µm to 5 µm. This configuration combines the advantages of the first and second designs: the less complex structure and the wider range of output angles. Moreover, the lack of metallic inclusions reduces the reflection losses and makes the design totally reconfigurable. 
III. RESULTS
Numerical simulations were performed using the frequency domain solver of COMSOL Multiphysics TM . The numerically obtained electric field distributions in the xz-plane for and output angle equal to 30° for all designs are shown in Figs. 2(a)-(c) . From these figures it can be seen that the effective beam steering is achieved. The reflection coefficients are: -7.8 dB, -6.1 dB and -15.1 dB for the first, second and third designs respectively. The additional simulations show that the higher scattering rate (γ = 10 13 s -1 ) worsens the performance of the beam steerer, particularly increases the side lobe level and reflection losses. Moreover, the performance of the designed beam steerers is checked in the far-field. In Fig. 3 the numerical far-field radiation patterns for all three designs and output angle 30° are plotted. The transmitted beam is redirected as desired. The side lobe levels are: -14.7 dB, -12.7 dB and -11.9 dB for the first, second and third designs respectively. From Fig. 3 it can be seen that the third design demonstrates the higher side lobe levels, which is due to the less uniform field distribution at the output of the beam steerer. However, such configuration provides a totally reconfigurable mechanism of beam control and a low reflection coefficient (< −14 dB). 
IV. CONCLUSION
In this work three different designs of mid-infrared beam steering devices based on graphene-dielectric metamaterial have been designed and numerically studied. All the proposed designs demonstrate an effective beam control over a wide range of output angles: from 0° to 70°. The calculated radiation patterns demonstrate low side lobe levels of -11.9 dB for small output angles (≤ 30°). The third design based on phased array of the planar graphene-dielectric waveguides provides a low reflection coefficient of -14 dB for all sample output angles. Such graphene-dielectric metamaterial beam steerers are promising ultrafast tunable devices for imaging, sensing and communication applications.
